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This paper presents computed results that investigate the effect a material phase change
has on penetration and shock waves. The effect of material strength is also presented for
comparison. Three phase change conditions are used to investigate the phase change
effect, and three levels of material strength are used to investigate the effect of strength.
The results show that the shock wave response is very sensitive to the phase change
condition and less sensitive to the strength. The penetration results show that the depth of
penetration is very sensitive to the level of material strength and less sensitive to the
phase change condition. The results also demonstrate that a phase change (resulting in a
volume loss) produces a softer material response, which results in more penetration.

INTRODUCTION

Over the past several years there has been speculation that materials exhibiting a phase
change may make effective armor material due to their ability to absorb energy [1-3]. It is
difficult to determine experimentally the effect a phase change may have on ballistic performance
because of the combined effects of strength, density, failure and Equation of State (EOS). This
work uses computations to investigate the effect a phase change, and strength, have on ballistic
performance (penetration depth) and shock wave response (wave profile). Three phase change
conditions, and three levels of material strength are used. The effect of strength is included in this
study to provide a relative comparison for the phase change effect. All phase change conditions
considered herein result in a reduction in volume, as opposed to an increase in volume [3].

Recently, Johnson, Holmquist, and Beissel developed a new (JHB) computational
constitutive model for brittle materials that allows for a phase change [4]. The JHB model has the
ability to model the material with or without a phase change. If a phase change is included, the
response can be modeled for various phase change pressures, the degree of phase change (amount
of volume loss) and the degree of hysteresis. Hysteresis occurs when unloading does not return
along the original loading path (no hysteresis), but instead, returns along a stiffer path resulting in
a loss in volume. Figure 1 shows the pressure-volume portion of the JHB model for a material
with no phase change, a material with a high (pressure) phase change, and a material with a low
phase change. The high phase change response is for aluminum nitride.
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COMPUTED RESULTS

The impact problems used for this study are presented in Figure 2. A tungsten projectile
impacting an aluminum nitride target at 2000 m/s is used to investigate penetration and a (1D
uniaxial strain) tungsten impactor striking an aluminum nitride target at 2000 m/s is used to
investigate the shock response. The computations were performed with 1D and 2D Lagrangian
finite elements [6], meshless particles (2D) [7, 8], and the JHB ceramic model [4].
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FIGURE 1. Pressure-volume response for a material with no phase change, a material with a high phase change and
a material with a low phase change. The test data is for aluminum nitride, represented by the high phase change.
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FIGURE 2. Initial geometry for the 2D projectile impact problems and for the 1D plate impact problems.
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Effect of Phase Change and Strength on Penetration

Three phase change conditions are used to investigate the phase change effect, and three
levels of material strength are used to investigate the effect of strength. In Figure 1 the no phase
condition allows for no phase change, the high phase change condition (P1 = 16 GPa) represents
the behavior of aluminum nitride [4], and the low phase change condition uses P1 = 3 GPa (to
ensure that a substantial amount of target material experiences the phase change). The high
strength condition uses a constant strength of 5 GPa, the no strength condition uses no strength
(fluid behavior), and the strength with failure condition uses the response of aluminum nitride
[4]. The high strength and no strength condition are used to decouple the phase change behavior
from the strength and allow the effect of the phase change to be evaluated independently.

The computed results for the projectile impact problems are presented in Figures 3 and 4.
The results indicate that a phase change softens the material response producing increased
penetration. In Figure 4, when no strength is used, the penetration is much greater than the high
strength condition and there is little effect from the phase change. The computed results are
shown at 250 pts after projectile impact and the projectile is still penetrating at a high rate. When
strength with failure (JHB model for AIN) is used the response is more complex. The results
suggest that the high phase change condition produces a material response that is more resistant
to penetration than with no phase change, although a closer investigation shows that this is not
the case. When strength with failure is used the material strength goes from an intact state
(approximately 5 GPa) to a failed state (approximately 0.2 GPa). The transition from the intact

4 state to the failed state can be an unstable process. Small differences in the failure process can
produce large differences in penetration because of the strong influence strength has on
penetration. Figure 3 shows the final penetration depth as a function of the phase change pressure
when strength with failure (JHB) is used. The penetration depths vary by +/- 15 % between phase
change pressures of 20 GPa to 7 GPa. One would expect a gradual increase in penetration (from
131 mm) as the phase change pressure decreases. What happens here is that the softer response
produced by the phase change is small relative to the penetration variability that occurs from the
failure process. The softer response that occurs from the phase change is not large enough until
pressures of about 6 GPa are reached. It is clear that the response is different for the low phase
change condition. Because the material experiences substantial strain (for a small increase in
pressure) as it goes through the phase change, the material damages more easily. This produces
more material failure resulting in a deeper, more localized, penetration channel.
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FIGURE 3. Penetration results using the JHB model for AIN, and various levels of the phase change pressure (P 1).
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FIGURE 4. Computed results for the 2D projectile impact problems; for three phase change conditions (no phase
change, high phase change and low phase change) and three levels of material strength (high strength, no strength

and strength with failure).
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Effect of Hysteresis on Penetration

Figure 5 shows the effect of hysteresis. The low phase change condition and a constant
material strength of 2 GPa are used. The low phase change ensures that much of the material will
experience the phase change and the constant strength ensures that the phase change and strength
are decoupled. The level of strength (2 GPa) was chosen because it represents about the average
material strength for AIN and gives realistic penetration depths for a 2000 m/s impact velocity.
Two variations in hysteresis behavior are investigated, no hysteresis and full hysteresis. No
hysteresis occurs when the pressure-volume unloading path follows the same path as when
loading. This results in little volume loss and little energy absorption (for the hydrostatic
component). Full hysteresis occurs when the pressure-volume unloading occurs along a stiffer
path, resulting in significant permanent volume loss and energy absorption. The maximum
amount of permanent volume loss for this study is . - 0.25 as shown in Figure 1 (at P = 0).
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FIGURE 5. Computed results for the 2D projectile impact problems, for three phase change conditions. A constant
material strength of 2 GPa is used for all three phase change conditions. Volumetric stain and plastic stain contours
are shown for the target. The projectile is not shown. PW represents the total plastic work in the target.



Figure 5 presents the penetration results including volumetric and equivalent plastic strain
contours. The results show that penetration increases by approximately 20% (independent of
hysteresis) when a low phase change occurs. The increase in penetration results from the softer
material response produced by the phase change. The effect of hysteresis is shown in the right
two penetration channels in Figure 5. The effect is small when evaluated by penetration depth
alone, but there is a substantial difference in how they absorb energy. The penetration channel
with no hysteresis shows smaller volumetric strains and more equivalent plastic strain (and
plastic work) than the channel with full hysteresis. When there is no hysteresis the material tends
to unload and return to its original volume. This unloading process produces plastic strain (and
plastic work). In contrast, when the material unloads with full hysteresis the material does not
return to its original volume, but some lesser volume. This process creates less plastic work,
because of the smaller unloading strains, but it also absorbs significant hydrostatic energy
because of the permanent volume loss. In summary, the no hysteresis response produces more
plastic strain and less volumetric strain and the full hysteresis response produces more volumetric
strain and less plastic strain.

Effect of Phase Change, Strength, and Hysteresis on Shock Waves

The results of the plate impact computations are presented in Figure 6. The three phase
change conditions are used for each of the three strength levels. The high and low phase changes
are also computed with and without hysteresis. The top portion of Figure 6 shows the results
using the high constant strength of 5 GPa. When no phase change occurs, a classic wave profile
comprised of a faster moving elastic wave and a slower moving plastic wave is produced. The
peak stress is approximately 47 GPa and the Hugoniot Elastic Limit (HEL) is 6 GPa. The results
obtained using the high phase change are represented by the light grey line and show a three
wave structure. The first wave is the fastest moving elastic wave, the second wave is produced
from the HEL up to the phase change and is slightly slower, and the third wave occurs from the
loading response from the phase change to the peak Hugoniot stress (approximately 34 GPa).
There is only a slight difference in the unloading wave when there is no hysteresis. The low
phase change response is represented by the heavy dark line and again is represented by a three
wave structure. The primary difference here is the phase change occurs before the Hugoniot
Elastic Limit and is why the first break in the wave (- 5 GPa) is lower then the HEL (6 GPa). The
HEL is reached very soon after the phase change occurs and continues to load to the peak
Hugoniot stress of approximately 32 GPa. Because the HEL and low phase change occur at very
similar levels the three wave structure is not as distinct as that produced by the high phase
change. There is no difference in the wave profile whether hysteresis is used or not. The response
is identical because upon unloading, the stress level never reaches the phase change stress.

The results of the plate impact computations, when no strength is used, are presented in the
middle portion of Figure 6. When no phase change occurs the wave is a single structure and
travels at the velocity determine by the slope of the stress-strain path from zero to the Hugoniot
stress (- 45 GPa). The high phase change produces a two wave structure which occurs due to the
phase change at 16 GPa. The peak Hugoniot stress is approximately 32 GPa. The low phase
change produces a two wave structure, similar to the high phase change response, but the wave
transitions at a much lower stress (3 GPa) due to the low phase change. Because of the low phase



change pressure, the second wave travels faster than the second wave of the high phase change
response.

The results of the plate impact computations, when strength with failure is used (JHB
model), are presented in the lower portion of Figure 6. The responses are very similar to the
responses produced from the high strength condition (upper portion of Figure 6). This occurs
because the material does not fail under uniaxial strain conditions. The only difference between
the high strength and strength with failure responses is due to the strain rate effect in the JHB
model.
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FIGURE 6. I D plate impact results for three phase change conditions (no phase change, high phase change and low
phase change) and three levels of material strength (high strength, no strength and strength with failure).



a

SUMMARY AND CONCLUSIONS

This paper has presented computed results that investigated the effect a material phase
change, and strength, had on penetration and shock waves. Three phase change conditions and
three levels of material strength were used. The results showed that penetration was very
sensitive to the level of material strength and less sensitive to the phase change pressure. The
shock wave response showed more sensitivity to the phase change condition and less sensitivity
to the level of strength. More importantly, the results demonstrated that when a volume loss
phase change occurs, it produces a softer material response, which reduces the material
resistance.

The effectiveness of an armor material depends on many of its characteristics. It appears
from this work that the presence of a volume loss phase change reduces the ballistic efficiency of
the material.

ACKNOWLEDGEMENTS

The research reported in this article was performed in connection with the U. S. Army
Tank-Automotive, Research, Development, and Engineering Center (TARDEC), with
Subcontract 499876P with Southwest Research Institute (SwRI), and contract DAAD19-03-D-
0001 with the U. S. Army Research Laboratory (ARL). The views and conclusions contained in
this document are those of the authors and should not be interpreted as presenting the official
policies or positions, either expressed or implied, of TARDEC, SwRI, ARL, or the U. S.
Government unless so designated by other authorized documents. Citation of manufacturer's or
trade names does not constitute an official endorsement or approval of the use thereof. The U. S.
Government is authorized to reproduce and distribute reprints for Government purposes
notwithstanding any copyright notation hereon.

REFERENCES

1. C. Liu, T. Ahrens and N. Brar, "Effect of Phase Change on Shock Wave Attenuation", Proceedings of the 15'h
U. S. Army Symposium on Solid Mechanics, 551-567, 1999.

2. W. Kriven, "Displacive Phase Transformations and their Applications in Structural Ceramics", J. de Physique
IV, Colloque C8, (5), 1995.

3. W. Kriven, B. Rosczyk, K. Kremeyer, B. Song, and W. Chen, "Transformation Toughening of a Calcium
Zirconate Matrix by Dicalcium Silicate under Ballistic Impact", Proceedings of the American Ceramic Society's
27h Annual Cocoa Beach Conference, 383-388, 2003.

4. G. Johnson, T. Holmquist and S. Beissel, "Response of Aluminum Nitride (Including a Phase Change) to Large
Strains, High Strain Rates, and High Pressures," J. Appl. Phys. 94(3), 1639-1646, 2003.

5. G. Johnson, and T. Holmquist, "A Computational Constitutive Model for Brittle Materials Subjected to Large
Strains, High Strain Rates and High Pressures," Proceedings ofEXPLOMET Conference, August 1990.

6. G. Johnson, R. Stryk, T. Holmquist, and S. Beissel. "Numerical Algorithms in a Lagrangian Hydrocode", Report
No. WL-TR-1997-7039, Wright Laboratory, 1997

7. G. Johnson, S. Beissel, and R. Stryk, "An Improved Generalized Particle Algorithm that includes Boundaries
and Interfaces", Int. J. Numer. Meth. Eng., 53 pp. 875-904, 2002.

8. G. Johnson, R. Stryk, S. Beissel, and T. Holmquist, "Conversion of Finite Elements into Meshless Particles for
Penetration Computations Involving Ceramic Targets", Shock Compression of Condensed Matter- 2001.



OPSEC REVIEW CERTIFICATION

(AR 530-1, Operations Security)

I am aware that there is foreign intelligence interest in open source publications. I
have sufficient technical expertise in the subject matter of this paper to make a
determination that the net benefit of this public release outweighs any potential damage.

Reviewer: ,a"40.,ti/ g•,•'_t.v 6P/ Tlvla/s 4 eeý-L4

Nqm Grade Title

Signature Date

Description of Information Reviewed:

Title: £f4P / o( - si Cti',•c '-, - .z .- 4• /-s
Author/Originator(s): v J .• 6Z4/ g', , ,4?• i. - "

Publication/Presentation/Release Date: Jo " , #

Purpose of Release: 4 o6•I/ ( . z$'4,s

)n abstract, summary, or copy of the information reviewed is available for review.

Reviewer's Determination (check one)

IIUnclassified Unlimited.

2. Unclassified Limited, Dissemination Restrictions lAW

3. Classified. Cannot be released, and requires classification and control at the level
of

Secu" Office (AMSTA-C S):

at6/ VDat e

Pý ic fairs Office (AMST/ M-PI):

/ConcurTj/onconcur .C"
Si0giature - Date

STA 7114-E


